Abstract: Obesity is associated with autonomic nervous system dysfunction. The aim of the study was to evaluate baroreflex sensitivity, an indicator of autonomic nervous function, in 20 obese children and adolescents in comparison with 20 age-and sex-matched nonobese subjects. All subjects were examined in the supine position over a period of 50 min. Systolic blood pressure (SBP) and RR intervals were monitored continuously. Baroreflex sensitivity was assessed by crossspectral analysis of SBP and RR interval oscillations (BRS index) and SBP and heart rate oscillations (BRSf index) within the low frequency range (0.04-0.15 Hz). Sensitivity was determined in 3 time intervals of 3 min each to evaluate changes during rest. The BRS index was significantly lower in obese children and adolescents than in the nonobese control group (p = 0.002). Significant changes in the BRS index over time (p = 0.004) were found only in nonobese subjects. In contrast, the BRSf index increased over time in both groups (p = 0.01), and no significant between-group difference was detected.
Introduction
The baroreflex plays an important role in blood pressure regulation. Baroreceptors affect not only the control of resistance vessels and venous capacity, but also heart rate. The baroreflex is important for maintaining physiological blood pressure (BP) levels and organ perfusion under different conditions, aiming at both the short-term buffering of changes in arterial blood pressure and the long-term setting of pressure levels (Kardos et al. 2001; Honzíková et al. 2003) . Decreased baroreflex sensitivity is a negative prognostic factor of cardiovascular morbidity and sudden cardiac death (La Rovere et al. 1998; Honzíková et al. 2000a Honzíková et al. , 2000b .
Over the past two decades, one particular aspect of baroreflex control has gained increasing attention, that of the chronotropic heart response to changes in systolic blood pressure (SBP). The baroreflex sensitivity index (the BRS index) is usually expressed as a function of the RR interval on systolic BP, in milliseconds per millimetre of mercury (ms / mm Hg) (Persson et al. 2001) , although several studies have quantified baroreflex sensitivity as a function of heart rate on systolic BP (the BRSf index) in millihertz per millimetre of mercury (mHz / mm Hg) (Al- Kubati et al. 1997; Za-vodna et al. 2006) . The BRSf index is less dependent on the mean RR interval than is the BRS index and was proposed for baroreflex assessment during childhood, a stage in which the mean heart rate normally reduces with age (Zavodna et al. 2006) .
Baroreflex sensitivity is typically determined either during manoeuvres that induce marked BP changes, or during steady-state conditions by measuring spontaneous BP oscillations (La Rovere et al. 1998; Laitinen et al. 1998) . Sensitivity estimation techniques based on spontaneous BP and heart rate variability were developed in the time and frequency domains. Data from several studies indicate that the various techniques provide comparable, but not identical, information on baroreflex sensitivity (Persson et al. 2001) .
Different factors influence baroreflex sensitivity in the normal population, including sex, age, level of physical activity, mean BP, heart rate, body mass index (BMI), mechanical properties of arteries, and plasma levels of glucose and insulin (Parati et al. 1988; Laederach-Hofmann et al. 2000; Kardos et al. 2001; Honzíková et al. 2006a ). In adults, decreased baroreflex sensitivity was found in various pathological conditions, including diabetes mellitus (Frattola et al. 1997; Lefrandt et al. 1999) , hypertension (Gribbin et al. 1971; Lábrová et al. 2005 ) and obesity (Grassi et al. 1995; Alvarez et al. 2005) . The decrease in baroreflex sensitivity may be caused by autonomic nervous system (ANS) dysfunction (Spraul et al. 1994; Chapleau et al. 1995; Miller et al. 1999) , and (or) by changes in the mechanical properties of the arterial wall (Tanaka et al. 2001; Honzíková et al. 2006a) .
Obesity causes a wide spectrum of subsequent health problems, including cardiovascular, metabolic, orthopedic, gastrointestinal, pulmonary, and psychosocial complications (Laederach-Hofmann et al. 2000) . Obesity is associated with an increased mortality due to cardiovascular complications (Drenick et al. 1980) . Therefore, there is increasing interest in the relationship between obesity and early cardiovascular complications during childhood (Tonhajzerova et al. 2006) . Previous studies in adult obese patients (Spraul et al. 1994; Kardos et al. 2001; Honzíková et al. 2006b; Krontorádová et al. 2008 ) indicate a relationship between obesity and reduced baroreflex sensitivity. It is not currently well established, however, whether obesity in the early years of life has already had an adverse effect on baroreflex control. The aim of this study was therefore to compare baroreflex sensitivity during rest in obese normotensive children and adolescents with that of an age and sexmatched nonobese control group.
Materials and methods

Subjects
Forty subjects were examined: 20 obese (12 girls, 8 boys; mean age 14.9 ± 2.1 years (range 12-18 years), mean BMI 32.5 ± 0.9 kg/m 2 ) and 20 nonobese age and sex-matched normotensive children and adolescents (BMI 20.6 ± 0.3 kg/m 2 ). Obesity was diagnosed according to recommendations of the International Obesity Task Force (Lobstein et al. 2004 ). All subjects were nonsmokers without cardiovascular or endocrine diseases or diabetes mellitus. All subjects and their parents were informed about the purpose and protocol of the study. Written informed consent was provided before the examination. Subjects were instructed not to use substances influencing the cardiovascular system (caffeine, alcohol) for 24 h before the examination. The study was approved by the ethics committee of the Jessenius Faculty of Medicine, Comenius University.
Protocol
All subjects were examined from 08:30 to 12:00 while they rested in the supine position on a bed in a quiet room with standard temperature (23 8C) and minimal arousal stimuli. A thoracic belt with ECG electrodes and the finger cuff of the Finapres device were applied after a stabilization period of 15 min. The subjects remained in the supine position for the subsequent 50 min of continuous cardiovascular parameters recording. The measurements were taken during spontaneous breathing and the subjects were instructed to minimize voluntary movements as much as possible. Consecutive RR intervals were provided by the ECG system (Cardiofax ECG-9620M, Nihon Kohden, Tokyo, Japan). SBP was continuously and noninvasively monitored by the Finapres (Ohmeda 2300, USA). ECG and continuous blood pressure signals were transferred to a PC using an analogdigital converter (Advantech PCL 711, Taiwan) at a sampling rate of 500 Hz.
Baroreflex sensitivity
Baroreflex sensitivity was determined 3 times during intervals of 3 min each: T1 (starting from the 15th min of recording), T2 (starting from the 30th min), and T3 (starting from the 45th min). The values of SBP were derived from the local maxima of the continuous blood pressure signal. We obtained sequences of beat-to-beat SBP values and the corresponding RR intervals (derived from ECG recording). Equidistant time sequences for both signals were obtained by interpolating neighbouring SBP and RR interval values linearly at a sampling interval of 250 ms. Linear trends were removed from both signals, using the least-squares approximation method.
The BRS index was assessed by the cross-spectral method according to Bendat and Piersol (1971) . Our method was first described in Honzíková et al. (1992) and in detail in Zavodna et al. (2006) . It comprises the following steps:
First, the autocorrelation function of the SBP sequence and the cross-correlation function between SBP and RR sequences were calculated. The power spectrum of the SBP time sequence was then calculated as the spectrum of autocorrelation function of the SBP sequence. The cross-spectrum of the SBP and RR sequences was calculated accordingly from the cross-correlation function of the SBP and RR sequences. A Hanning window was used to avoid spectral leakage. Subsequently, the coherence function was calculated. The baroreflex gain was then calculated as the quotient between the cross-spectrum of SBP and RR intervals and the power spectrum of SBP.
The BRS index was determined in the frequency range of 0.04-0.15 Hz at the point of highest coherence. BRS values were taken into account only if the coherence was higher than 0.5. If more than 1 peak was present within this frequency range, the sum of values of coherence was normal-ized to 1 and the corresponding BRS values were weighted according to the actual normalized coherence value.
It was shown that adjusting the BRS index for the mean RR interval is useful especially in the case of considerable differences in mean heart rate (Abrahamsson et al. 2003; Wesseling 2003; Zavodna et al. 2006) . Abrahamsson et al. (2003) proposed to standardize the patient's BRS index to a fixed heart rate of 60 beats/min by using the logarithm of the BRS index and a linear regression function. This method does not seem to be ideal because linearity between log(BRS) and the heart rate occurs typically only in the heart rate range of 80-120 beats/min (Wesseling 2003) . On the other hand, baroreflex sensitivity calculated on the basis of instantaneous heart rate-the BRSf index-yielded a decrease in baroreflex sensitivity in subjects aged between 11 and 20 years, an age at which the vagal tone typically increases, heart rate decreases, and BRS index is unchanged (Zavodna et al. 2006) . Therefore, we also calculated the value of the baroreflex gain factor at a frequency of 0.1 Hz in a similar way, using spectral analysis of instantaneous values of heart rate and SBP. Thus we obtained the BRSf index (mHz / mm Hg).
During the recording, the breathing rate was continuously monitored by a plethysmographic device (RespiTrace 200, NIMS, USA). In all subjects the breathing rate was higher than 12 breaths/min (i.e., greater than 0.2 Hz) throughout the measurement. We therefore suggest that the lowfrequency band (below 0.15 Hz) was not contaminated by respiration-related fluctuations.
Anthropometric measurements
Measurements of weight, height, and waist and hip circumferences were performed after the cardiovascular parameters were recorded. The waist-to-hip ratio (WHR) was computed as a measure of fat distribution. The percentage of body fat was estimated on the basis of bioelectrical impedance analysis (Omron BF-302, Japan).
Statistical analysis
Two-way ANOVA with a grouping factor of obese versus control and a repeated-measures factor of time interval (T1-T3) was used for statistical analyses. The normal distribution of the variables was verified with the Lilliefors test. Furthermore, we investigated the relationship between the two baroreflex sensitivity indices and anthropometric measures using Pearson's correlation coefficients. Descriptive statistics are presented as means ± SE. Values of p < 0.05 were considered statistically significant in inferential statistics.
Results
Basic characteristics of subjects
As per study design, obese children had a significantly higher body mass index (p < 0.001), waist-hip ratio (p < 0.001) and percentage of body fat (p < 0.001) compared with healthy controls. Although all subjects were normotensive, the between-group comparison showed significantly increased SBP levels in the obese group and shortened mean RR intervals, that is, higher heart rates ( Table 1) .
No significant time effects (changes between T1 and T3) were found on the mean RR interval length and mean heart rate (for mean RR interval length, the effect of time was p = 0.65 and the time versus group (control, obese) interaction was p = 0.59; for mean heart rate, the effect of time was p = 0.42 and the time versus group interaction was p = 0.51 (by two-way ANOVA)). Similarly, mean SBP did not change significantly during 50 min of recording (by two-way ANOVA, the effect of time was p = 0.29 and the time versus group interaction was p = 0.29).
Baroreflex sensitivity-the BRS index
The BRS index was significantly reduced in young obese subjects compared with nonobese controls (ANOVA, p = 0.002) (Fig. 1) . In nonobese subjects, the BRS index increased significantly with progressing recording time (50 min) (ANOVA, p = 0.004). In contrast, the BRS index remained stable in obese subjects throughout the recording (ANOVA, the time vs. group interaction p = 0.04) (Fig. 1) .
Analysis of covariance (ANCOVA) with the parameter mean RR interval length as a covariate showed results similar to ANOVA. No significant effect of covariate was found.
Baroreflex sensitivity-the BRSf index
The BRSf index increased significantly throughout the recording in both obese and nonobese subjects (ANOVA: factor time, p = 0.01) (Fig. 2) . However, no significant group differences in the BRSf index and its time course were found (ANOVA: factor group, p = 0.13; interaction group Â time: p = 0.74) (Fig. 2) .
Similarly to the BRS index, we also performed analysis of covariance (ANCOVA) with mean RR interval length. No significant effect of covariate was found, indicating a lack of correlation between mean RR interval length and the BRSf index.
Correlations between anthropometric indices and BRS
We performed correlation analysis between the BRS and BRSf indices obtained from the T3 interval and anthropometric measures (BMI, WHR, and percentage fat) in the obese group. The T3 interval was chosen as it showed the most pronounced between-group differences in the BRS.
BMI was negatively correlated with the BRS index (r = -0.51, p = 0.03), but not with BRSf. Neither WHR nor the percentage fat significantly correlated with the BRS and BRSf indices (Table 2) .
Discussion
The main finding of our study is a decreased BRS index in obese normotensive children and adolescents in comparison with control subjects. Further, baroreflex sensitivity varies in the supine position over time: in the nonobese subjects, the BRS index increased continuously, whereas in the obese group there was no significant change.
Baroreflex sensitivity and obesity in children and adolescents
There is increasing evidence of an inverse correlation between baroreflex sensitivity and percentage of body fat in adults (Laederach-Hofmann et al. 2000; Kardos et al. 2001) but the knowledge regarding this relation in children and adolescents is incomplete. Only a few studies have assessed baroreflex sensitivity in obese children. Our results confirm the findings of Dietrich et al. (2006) and Honzíková et al. (2006b) , who described a negative correlation between the BRS index and BMI in obese children. Honzíková et al. (2006b) examined baroreflex sensitivity in children, adolescents, and young adults with essential and white-coat hypertension, and we have extended their findings by investigating normotensive obese subjects. Our study provides evidence that obesity per se (even in young obese subjects) can lead to baroreflex impairment, as indicated by significant difference between obese and nonobese groups. Correlation analysis revealed a significant association between the severity of the obesity and the baroreflex impairment in our group of obese patients (i.e., a significant negative correlation between the BRS index and BMI).
Baroreflex sensitivity reduction-possible mechanisms
There are multiple mechanisms whereby obesity can affect baroreflex sensitivity, but they are incompletely understood. Given that a decrease in baroreflex sensitivity has been associated with an increase in the thickness of the carotid wall (Zanchetti et al. 1998; Honzíková et al. 2006a ) and furthermore, that increased carotid intima-media thickness and stiffness have been found in obese children (Woo et al. 2002; Iannuzzi et al. 2004) , increased carotid stiffness may be one potential mechanism responsible for the reduction in baroreflex sensitivity observed in the obese group.
Because of the reduced insulin sensitivity (Rocchini et al. 1992 ) and increased plasma renin activity (Tuck et al. 1981) in obese patients, another mechanism responsible for reduced baroreflex sensitivity may be sympathetic overactivity caused by an increase in plasma levels of insulin and (or) angiotensin II (Chapleau et al. 1995; Miller et al. 1999 ). Fur- Fig. 1 . The BRS index (ms / mm Hg) as a measure of baroreflex sensitivity in obese and nonobese subjects in the supine position quantified during rest over 3 time intervals (T1-T3). The bars and whiskers indicate means and SE, respectively. BRS index is significantly lower in obese subjects. Results of ANOVA: factor group, p = 0.002; factor time, p = 0.004; interaction groups x time, p = 0.04. T1 corresponds to the first time interval, from the 15th to the 18th min; T2 to the second time interval, from the 30th to the 33rd min; and T3 to the third time interval, from the 45th to the 48th min. ther, the leptin secretion of adipose tissue, which also increases sympathetic activity , is thought to reduce baroreflex sensitivity (Egan 2003) in obese adults with essential hypertension (Narkiewicz et al. 1999; Grassi et al. 2004) .
Previous studies in adults have shown that obesity related sympathetic overactivity is associated with baroreflex impairment (Spraul et al. 1994; Grassi et al. 2004 ). On the other hand, the reduction in afferent restraint on the vasomotor center could be an important factor mediating sympathetic activation in obese subjects. Hence, the relationship between baroreflex sensitivity and sympathetic overactivity may be bidirectional. Because sympathetic and parasympathetic systems act on heart function concomitantly, their effects are not additive algebraically, but complex interactions occur. Such interaction may be mediated either prejunctionally or postjunctionally with respect to the neuroeffector junction (Levy 1997) .
It is necessary to point out the general presence of presynaptic receptors sensitive to neuropeptides and other chemical signals released from adjacent nerve terminals that either facilitate or inhibit the release of a transmitter (Langer 2008) . The hypothesis that neurally released neuropeptide Y (NPY) mediates sympathetically evoked inhibition of vagal effects on heart rate was supported by experiments in dogs. NPY released together with norepinephrine on sympathetic activation mediated the sympathetically evoked inhibition of vagal effects for several tens of minutes (Warner et al. 1991) . This effect may be responsible for the long-term decrease in vagal reactivity in obese subjects during 50 min of rest in our study. Gradual vagal activation due to previously lower sympathetic activity may explain the observed increase of baroreflex sensitivity during supine rest in control subjects. Because no significant changes in mean duration of the RR interval or mean heart rate were found in either group, the mechanism causing the increased sensitivity during supine rest in the control group is unclear.
It was also shown that the effect of antecedent sympathetic stimulation on chronotropic response to vagal stimulation can also be mediated postjunctionally (Yang et al. 1994) . It is beyond the scope of this study to review all factors that could be taken into account, explaining how sympathetic activation could lead to the long-term reduction in baroreflex sensitivity.
From this point of view, it is also important to note that baroreflex sensitivity affects sympathetic activity. Prolonged activation of the baroreflex abolishes obesity-induced hypertension and inhibits renal sympathetic nerve activity (Lohmeier et al. 2000 (Lohmeier et al. , 2005 (Lohmeier et al. , 2007 .
Taken together, we suggest that the ANS imbalance (impairment of parasympathetic nervous system activity and (or) sympathetic overactivity) may play an important role in the BRS index reduction observed in our group of young obese patients. Because the magnitude of SBP oscillations in the LF band is regarded as an index of sympathetic control, whereas the magnitude of RR interval oscillations in the high frequency (HF) 0.15-0.4 Hz band is used as an index of parasympathetic activity (Takalo et al. 1994) , we also performed SBP and heart rate variability analyses (results not shown). No significant differences in the magnitude of LF blood pressure oscillations and a tendency towards lower HF in RR interval signal were found in obese subjects compared with the control group (the only significant difference in HF power was found in the T2 interval). In addition, we observed mildly elevated heart rate in the obese group (see Table 1 ). These results support the concept of parasympathetic nervous system activity reduction in obese children, as previously shown by Nagai et al. (2003) .
Decreased physical activity, more likely in obese children, may also be one of the reasons for reduction in baroreflex sensitivity. There is a large body of evidence, showing that regular moderate exercise increases parasympathetic heart rate modulations and elevates baroreflex sensitivity (Mancia et al. 1978 , Honzíková et al. 1997 .
BRS index versus BRSf index
Usually, BRS is computed from RR interval changes (in ms) elicited by the oscillations in SBP (in mm Hg)-termed the BRS index. Al-Kubati et al. (1997) proposed a new index, called BRSf, which expresses the relation between heart rate (in mHz) and the magnitude of blood pressure oscillations. In accordance with previous studies (Honzíková et al. 2003; Zavodna et al. 2006) , we found that the BRS and BRSf indices were only partially correlated. Although both BRS and BRSf indices are derived from 0.1 Hz oscillations and are mathematically interrelated, they are not equivalent. The mathematical relationship between RR interval and heart rate is nonlinear, causing a partially independent behaviour of both indices. The BRS index generally depends on the mean RR interval, whereas BRSf does not (Al-Kubati et al. 1997) . Thus the BRS index, baroreflex sensitivity expressed in milliseconds per millimetre of mercury (ms / mm Hg), appears to be a better indicator of the sudden death risk in patients after acute myocardial infarction than the BRSf index, baroreflex sensitivity expressed in millihertz per millimetre of mercury (mHz / mm Hg) (Al-Kubati et al. 1997 ). In contrast, Zavodna et al. (2006) concluded that the BRSf index better reflects the ontogenetic changes of the baroreflex sensitivity. Therefore, the parallel assessment of both indices appears to be preferable for the detection of cardiovascular dysregulation.
BRS index versus mean RR interval length
The mean RR interval was significantly shorter in obese subjects than in controls throughout the 50 min of recording and this did not change significantly in any group with time. In contrast to previous observations (Van Vliet et al. 1995; Honzíková et al. 1997; Zavodna et al. 2006) , no significant correlation between mean RR interval duration and BRS index was found in our study. The reasons for this discrepancy remain speculative.
First, there was a relatively large age range in both groups, and age differences may play a role in this relationship (Zavodna et al. 2006) . Second, the lack of correlation may be related to the emotional state (Honzíková et al. 1996) : a slight emotional activation produces a decrease in BRS index that is not accompanied by changes in heart rate and blood pressure. On the other hand, lower baroreflex sensitivity and higher blood pressure were found in obese subjects compared with controls over the entire period of 50 min resting in supine position. We can only speculate that a basal sympathetic overactivity counteracted an increase of baroreflex sensitivity in time in obese patients.
Conclusion
In conclusion, baroreflex sensitivity is significantly reduced in obese children and adolescents compared with nonobese controls. The quantification of baroreflex sensitivity during rest and its change over time provide information on cardiovascular dysregulation in young normotensive obese subjects. Reduced baroreflex sensitivity may be indicative of future development of cardiovascular disease in obese children and adolescents. Because weight loss improves cardiovagal baroreflex functioning in obese patients (Alvarez et al. 2005) , early weight reduction appears to be of utmost importance even in obese children and adolescents.
